6.1) Surface lonization

Atoms can be ionized, when they are in contact with a hot metal surface (contact ionization).

A prerequisite is, that the ionization energy must be
lower than the work function of the material.
(E.g. W with an electron affinity of 4.9 eV,

Is often used.) atom

, : /’ /
If the residence time of the atom at the surface hot metal surface

Is long enough to reach thermal equilibrium

(1_0'5 —107"s), then the ionization probability is
given by a special version of the Saha equation, ///////////2 %uum

the Langmuir-Saha equation. p@llyym 7z vacui
jonization
energy .
s n < 5.6 eV work function
P - round state
n +n, gronesar
Il B
g W 6.1 :Fermi energy
1+ g' (@ KT (6.1) ¥ ground state
0

Figure 2.5.1.: Principle of positive surface ionization.
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Therein g; and go are the statistical weights of the ions and neutral particles, ¢; is the ionization
potential (ionization energy) of neutral gas atoms and W is the working function of the hot metal

surface.
The fraction of ions is small for the most combinations -~ I —T —
¢i, W except for alkalines. S e s Rk . 1 ]
H= e—a-o _ _
I m \Nc | =
Example: K on a 2000 K (0.17 eV) hot Pt-surface | r '_ o %Ea 3
R . a0
= Pt — S - el :
$, =45eV, W™ =565eV L | A
SRR o LI e
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S L ] .
o . N .
An example for the ionization on Iridium-surfaces - g ° - IRIDIUM IONIZING =
is shown on the right. Big advantage of surface = SURFACE (g =527 V) E
ionization is the small energy spread of the ion beams =~ | AT 200% i
A _ -t
AW ~ 2KT << 1 eV. - ST
One of the important applications: . o l— L 11 B IR SO N
| 3% 40 45 50 55 60 g5
: . . : - I Vi, IONIZATION -POTENTIAL (ev)
Production of Cs-ions in sputtering-sources. FIGL 45, Surface.iqmiontin off o o ST
16. 43. Surface-ionization efficiencies.of the group I. 11, and II1 elements, évapo-

- rgtcd- from hot iridium metal, calculated from Eq. (3.122)," : :
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As we can see from Saha-Langmuir-equation, P; decreases with increasing T, if ¢i -W<0

T must be sufficiently high to evaporate the given element (e.g. Li, Na). On the contrary, the diffusion
of surface material must be low enough (< 10% of a mono-layer), to keep the ionization conditions as
constant as possible.
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In contrast to plasma ion sources, where the extraction optics depend on the shape of the plasma-
meniscus, the extraction of surface-sources depends on the shape of the hot surface. Additionally the

beam forming is independent of the current density!

Beside Pellets also Zeolites are used (inclusion of the material to be ionized). Sources with 75 mA
beam current at 2.5 cm beam diameter are feasible. The reservoir of material within the source
determines the lifetime of the source.

Enhancement of efficiency: Hot cavity as ionizer > /
many contacts of the atoms with the wall - increases P;

In such a cavity, elements J’ 'y ' lon beam
with &; ~ 8 eV can be ionized. Metal tube i
However, only single charged ions 1 f ! \
are produced! Electron bombardmek

Surface ionization was first investigated by Langmuir in 1923. Later, the advantage of surface covered
with Oxygen and Cesium (positive, respectively negative ions) became obvious. For the hot surfaces
Tungsten, Iridium or Rhenium are predominantly used.
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Production of negatively charged ions at surfaces

The production of negatively charged ions is predominantly exothermal, in contrary to the production of
positively charged ions. Difference to positive ions: at big distances practically no Coulomb-field. The
electron generates its own binding potential, by polarization of the neutral atoms or molecules Negative
lons can be produced by the following processes:

Sputter-source:

* Volume processes by electron collision
« Charge reversal in metal vapor

» Charge reversal at surfaces ' Negativer
ILonenstrahl
Surface charge reversal: Extraktion Ionizer 1400°C

Uses the low working function of hot
metal-surfaces, like in surface ionization /

or sputter-sources L s
= Cu
Cs atoms are ionized at the hot surface I /
and accelerated towards the target. Drehbmilagen Cu
ThereWith’ atoms from the target Cu Cu Cu {jsi'a‘\(‘;u Cu Cu Cu Cug‘
material are sputtered out and Cu oy Cupy Culu gy Cugpy Cu
. . . Cu-Target 4 Cu O e Fer g €
negatively charged, especially if the Cucy cy Cu Cu Cu cutl | a1
surface of the target is plated with a mm——— TS Cs-Heizung
Cs-layer. Erzeugung negativer Ionen

The target can quickly be replaced via a target-wheel.
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Plasma-surface-conversion

The plasma is generated in front of the target and
the target is put onto a negative potential

lons from the plasma sputter negative ions
out of the bulk material

The production efficiency of negatively charged ions
increases if the atom leaves the metal surface with
velocity v, which is bigger than the thermal velocity.

The electron is transferred during the ejection process.

(see graphic)

An example for the production of negative ions on
a Mg-target is shown in the following graphic on.
the right.
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The negative ion current is given by: 1" =1" LAl eXp(_ nOLUd) (6.2)

I” = positive ion current, A = Sputter-rate,

n = Production efficiency for negative ions at the surface

N, = Residual gas density, L = free flight path through residual
gas

Og4 = cross section for charge reversion
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6.2) Laser-Plasma ion sources

In contrast to resonant ionization, the plasma within this source is generated via energy deposition.

The laser beam penetrates the material until fLaser = fcutoff :

—> local heating of electrons by inverse Bremsstrahlung + excitation of atoms
- Material is ablated and an expanding plasma-plume develops

If the plasma density has been lowered that the cut-off frequency drops below the laser-frequency, the
laser light can re-enter the plasma. Thereby the electrons inside the plasma are accelerated up to

100 keV -> highly charged ions, in which 40
( —)2/7 - e
Te [ I:)Las;er Z (6.3) 307 /,4’(
i 8-
(Te = Electron temperature, P = Laser power, N 20 :{ TA
_ v .
Z = average charge state) i ,‘LF{
o . _ 10— pre
The relationship is shown in the graphic. ] ¥
high current mode: P ~10°W/cm? E~1-50J,At~1ns O T v 7 —T T T T
high charge state mode: P > 10 W/cm?, 10 10 10 10
E~1-50J,At~1-10ps p, W/cm’
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Principle of a Laser-Plasma ion source:

The light is focused onto the target by a parabolic mirror (Focus diameter 65 pm)

- Plasma expands and becomes accelerated

- Big opening angle, therefore double collimation (before and after expansion chamber)

Disadvantage:

« Big emittance due to plasma-
expansion

* big energy-spread
(~10%) via the acceleration
during expansion
Advantage:
* high charge states
« peak currents of highly charged

lons up to 150 mA
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6.3) Electron guns

Until the thirties of the last century, electron beams were only used in highly specialized installations
and in accelerators. At the beginning of the forties, electron beams found their application in high-
frequency technologies (Klystrons, drift tubes, tetrodes etc.). Electron beams are used in TVs, electron
microscopes, for welding- and lithographic devices.

Current: yA to kA Beam energy: 0.1 to 200 keV
The influence of space charge has the be considered at high beam currents.
Simple diode system:

Kathode Anode U A

Deformation of the equipotential <
lines due to space charge

+

Space charge adjusts in that way,
that the cathode does not see

the anode voltage anymore

—> shielding

au
dX x=0

=0

A AN
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AU_<32U__,0_ jo_ 01
Poisson equation: Y Va &, - vIiZ, - 50\/7e JU
Ansatz: U=AKX" = U"= Am(n —1) X"*

wIiN

9 |
_4 A=| — _ 4/3
> N= é and 4 &, 2e with boundary condition UA = ALd
m

therewith one gets the "spase charge limited region" for the emitted current:

4 U 3/2
|=—¢& 2 T A
J 0V m 2 - Child-Langmuir-law (6.4)
9 d
with 1 =]*F F = emitting area
_ 3/2 :
| =P with P = Perveance (6.5)
P = ﬂ .. |2e i
In the case of a planar diode system 9 0V m d2 (6.6)
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In the case of a cylindrical or spherical symmetry: Solutions from Langmuir and Blodgett

16 2eU,” 8 2eU,”
| =— (s, | =5 71L&, indr
9 “V'm 0’2 - spherical symmetry 9 m ,BZI’ = cylindrical symmetry

_4_ m UR° - (r.=r)? . . (r.-r)?

with Je _680 m ( r)2 follows JKugel = I I,202 and JZylinder = I r2,82
Thereby r. is the cathode radius and a(r) und (3(r) can be represented as a series expansion.

3 13311 27110391
a=y- ety e S

r
. y=In —
10 4400° 61600007  10472[10° V' it (fj

Generation of electron beams:

> thermionic emission

. 5 @ A
Richardson-Dushman relation for current density: Jr = ADLT exp( ﬁj [sz} (6.7)
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_ 4rrnek?

A
Thereby the constant Ais A= i =120,4 {szK 2}

b =material dependent constant

@is the work function, kT the thermal energy of the electrons
j can only be measured if T >> room temperature

Typical response curve for diode:

The domains are [ A

a) Initial current domain | /T\ __
C

b) Space charge limited regime (Child-Langmuir) I of —————- _(g/

c) Saturation and temperature limited regime

d) is the point were the curve deviates from
Child-Langmuir.

U
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> Field emission

E-field of the order of 10’ VV/cm

(eg. at cone points, needle cathodes) thereby the
potential at the surface of the solid is lowered insofar

that the electrons can tunnel.

-> Fowler-Nordheim equation:

_KU? (K [ A
5o 57) law oo

@is the work function, U the applied voltage
and K; and K; constants

Jre

Beam formation in electron guns:
In which way can we shape an electron

beam under the influence of space charge?
At the beam boundary there is

ou B
U=AX*"? and a—y__Ey_O (6.9)
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This is a Cauchy-boundary-condition, at which the field strength is given!

ouU
In this case it holds: U‘y=o = T(x) a—y =0
y=0
The potential outside the x-axis (y # 0) is the analytical continuation of the function f(x) in the complex
plain: U (X, y) =Re(f (2)) = Re(f (x+1y)) (6.10)
f(x+iy) = £ (9 +iy CF (9 + 02 £7() .
Taylor expansion: )= y N
U(xy)= £ -2 £7(x)+ U(x,0) = f VUl — .y =0
N (X, y) = 1(x) > x)+---, U0 =1(x) . T yor"()|,, =
y=
Thus, for the beam boundary it is
U (x y) = Re(Allx +iy)"”) = Ar"” Re(exp(3i 9)) (6.11)

—=> U(Xx, y) = Alt*"° cos(2 ¢) = A(x2 + y2)2/3 cos(g arctan(%))
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The cathode potential U, = 0 one can find with COS(% ¢) =0

Hence, the angle is:

2.0 T T T T
1.8 §=—
_ 31 9n *r
o’ g or Zar
8 ' 8 ;.|
¢ =67.5°, 202.5° g oot
3 0.6 }— q?
E 04 -0.050V,
The cathode boundary needs an angle of 67.5° 202l
towards the cathode normal to compensate for a |
the divergence of the space charge dominated
beam. B
CATHODE SURFACE~g}
L i l | R IO ARSIV IR SRR DL X
= Boundary cathode with Pierce type boundary e -(;fsmceom.. CE:HODE @f N

FiG. 4. Plot of the equipotential lines external to a planar space-charge-limited elec-
tron beam, -as determined from Eq. (7). The heavy lines show the shape of the focus
electrode and anode electrode.
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Beam formation of a Pierce-type electron gun
calculated for an anode voltage of 1000 V.
1 mm is equal to 4 meshes!

B.66E-3 A, crossowver at R= 25.0, Z=204 mesh unitsmax current density on axis=204

PIERCE FAND
00

PLANAR SPACE-CHARGE-LIMITED DIODE =7

.60

.an

PIERCE-TYPE PLANAR ELECTRON GUN e |

CATHODE
g0

m‘
%e

| rara

FOCUSING ELECTRODE
REPLACES EFFECT OF 40
MISSING ELECTRONS

Perveance of such a gun: o
P=2.9*10" A/V¥? | current | = 9 mA

]

40 a0 1z0 160 200

IGON-7.005(C)R.Becker - RUN 05/27/07*001, f£ile=PIERCE.EIN
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Filammen
Current
Supply

One can also form the equipotential lines with a Wehnelt cylinder.

8.92E-2 A, crossover at R= 19.6, Z=95 mesh unitsmax current density on axis=3.2

Strahlformierung mit Wehneltzylinder
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IGUN-7.008 (C)R.Becker - RUN 05/27/07+001, f£ile=WEHNELT.EIN

Therewith the potential at the Wehnelt-electrode is adjusted in that way, that the equipotential line,
which represent the cathode potential, touches the cathode edge under the Pierce-angle. Wehnelt
cylinders are used in electron microscopes and TVs.
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